The fracture behavior of CAD/CAM fabricated crowns was investigated as a function of material thickness for six silicate ceramic materials: Mark II, e.max CAD, Celtra Duo milled, Celtra Duo fired, Suprinity, Enamic. Crowns with thicknesses 0.5/1.0/1.5 mm were fabricated with CEREC and adhesively seated to dies fabricated with stereolithography technology (n=144). Thermomechanical loading and fractural loading was performed. Statistical analysis was done with one-way ANOVA and post-hoc Scheffé test. For 1.5 mm, all crowns survived fatigue testing, for 1.0 mm, survival was 100% only for materials e.max CAD and Suprinity. For 0.5 mm, best survival rate was 37.5% for Suprinity. Maximum fractural loading significantly varied among the groups. For 0.5 mm, highest value was found for Suprinity (660.1 N). Mark II showed lowest values for 1.0 mm (482.0 N), and 1.5 mm groups (634.8 N). e.max CAD showed highest values for 1.0 mm (774.2 N), and 1.5 mm groups (1,240.8 N).
INTRODUCTION
Ceramic materials are often selected for the fabrication of CAD/CAM restorations because of their advantageous characteristics 1, 2) . Compared to composite resin materials, ceramic materials are more brittle and more susceptible to fracture, if overload or inappropriate load is performed 3) . The material characteristics of ceramics have been shown to significantly depend on prior thermal and mechanical fatigue loading 4) . Four factors have been identified to mainly influence the fracture resistance of all-ceramic restorations: restoration design, tooth preparation, cementation and material thickness [5] [6] [7] [8] [9] . The fracture resistance can be increased by an ideal combination of these four factors, however, the factors restoration material and material thickness have been reported to be of primary importance 10) . CAD/CAM milling procedures are highly promising, as ceramics can be milled out of homogenous, industrial preformed blocks bearing less risk of artificial material weaknesses. Several ceramic material classes are currently available for CAD/CAM manufacturing, such as feldspathic and lithium disilicate ceramics. The clinical success of these materials could be demonstrated in several studies 11, 12) . New trends in terms of material development either tend to reinforce the ceramic's glass matrix by embedding stronger particles, such as zirconia, or to create compound material, e.g. by infiltrating the ceramic matrix. The zirconia-reinforced lithium silicate (ZLS) ceramic Celtra Duo (Dentsply Sirona, York, PA, USA) and VITA Suprinity (VITA Zahnfabrik, Bad Säckingen, Germany) are examples for this development. ZLS ceramics contain ten percent by weight of dispersed zirconia particles embedded in a fine-grained glass matrix with a size of 500-800 nm 13) . VITA Enamic (VITA Zahnfabrik) is a compound hybrid ceramic material. The ceramic network makes up about 86% share of the material and is reinforced by a polymer network 13) . Restorative patient treatment might be performed more conservative with these two type of material as the extent of tooth preparation may be reduced. First studies demonstrate that the fracture resistance of CAD/CAM fabricated monolithic zirconia molar crowns might be sufficient with material thicknesses of 0.5 mm 14) . However, no sufficient data is available for the new material classes ZLS ceramics and hybrid ceramic.
The aim of this study was to evaluate the maximum fractural load of new CAD/CAM ceramic materials depending on different material thicknesses. The null hypothesis was that there are no differences for the fractural loading of different silicate ceramic CAD/CAM materials (p<0.05).
MATERIALS AND METHODS
This study involved fractural loading of single molar CAD/CAM crowns after previous fatigue testing in a chewing simulation machine. Four different types of silicate ceramic CAD/CAM material were investigated: feldspathic ceramic (group A), lithium disilicate ceramic (group B), ZLS ceramic (groups C,D,E) and hybrid ceramic (group F). Two different ZLS ceramic materials with three different post-processing protocols were investigated. At a total, there were six different groups: VITA Mark II (group A), e.max CAD (group B), Celtra Duo milled (group C), Celtra Duo fired (group D), VITA Suprinity (group E) and VITA Enamic (group F). For for each 0.5, 1.0 and 1.5 mm groups. The parameters for a 1.5 mm crown were: occlusal reduction 1.5 mm (deepest fissure), 4-degree axial taper, 1.5 mm shoulder finish line placed 0.5 mm occlusal to the cementoenamel junction (CEJ), vertical height of stump 5 mm and 140-degree flat occlusal plateau. Based on the design for the 1.5 mm die, dies for material thicknesses 1.0 and 0.5 mm were anatomically up-scaled to ensure a homogenous wall thickness of the restorations. The die for a 0.5 mm restoration is shown in Fig. 1 . Crowns with thicknesses of 0.5, 1.0 and 1.5 mm (n=8) were fabricated for each type of material using a CAD/CAM system (CEREC MCXL milling unit, Dentsply Sirona). First, a 0.5 mm crown was individually designed on a 0.5 mm SLA die with CEREC Software (v.4.0). The CAD design parameter spacer was set to 80 µm, all other parameters were set to 0 µm. Using the design option "show minimum thickness" and "cursor details", exact material thickness could be ensured at all areas of the crown (Fig. 2) . The CEREC CAD mode "biocopy" was used for CAD design of 1.0 and 1.5 mm crowns. First, an adhesively luted 0.5 mm crown was slightly dusted (VITA Powder Scan Spray, VITA Zahnfabrik) and then scanned with the intraoral 2 Dent Mater J 2017; : - scanner CEREC Bluecam. Five single images were taken (occlusal, 30 degrees distal, 30 degrees mesial, 30 degrees buccal and 30 degrees lingual). CAD design with thicknesses of exactly 1.0 and 1.5 mm could be done on the respective SLA dies using this template, without the need for any further manual manipulation. CAM fabrication of the ceramic crowns was performed with the 3+1 axis milling unit CEREC MCXL equipped with the milling instruments cylinder pointed bur 12 s and step bur 12. Milling mode was set to "standard". New milling instruments were selected for each group. After the milling process, no manipulation was done to the sprue. Additional post-processing protocols were required for restorations of groups B,D and E. Lithium disilicate crowns (group B) were crystallized, according to manufacturer's recommendations (Programat CS, Ivoclar Vivadent, Schaan, Liechtenstein). ZLS ceramic Celtra Duo crowns of group D were fire glazed using Celtra Duo glaze paste (Dentsply Sirona) and ZLS ceramic Suprinity crowns of group E were crystallized using VITA glaze paste (VITA Zahnfabrik), according to manufacturer's recommendations (Programat CS, Ivoclar Vivadent).
Adhesive luting of CAD/CAM restorations SLA fabricated dies were prepared prior to adhesive luting of the restorations. First, dies were airborneparticle abraded with Si-coated aluminum oxide (Cojet, 3M ESPE, St. Paul, MN, USA) (diameter ≤50 µm, 200 kPa). Silane (Monobond Plus, Ivoclar Vivadent) was applied to the die's surface for at least 60 s. Heliobond was used as adhesive bonding agent. All restorations were cleaned with ultrasonic and degreased with ethanol after milling. A 5% HF acid was used for acid etching of the restoration's luting surface (VITA Mark II 60 s; e.max CAD 20 s; Celtra Duo 40 s; VITA Suprinity 40 s). Silanisation (Monobond Plus, Ivoclar Vivadent) for at least 60 s and application of bond (Heliobond, Ivoclar Vivadent) was performed for all restorations. A dualpolymerizing composite resin system (Variolink II high viscosity; Ivoclar Vivadent) was used for adhesive luting of all restorations. After removing excess, an oxygen layer inhibitor material was applied to the area of the cementation interface (Oxyguard, Kuraray, Tokyo, Japan). Luting composite resin was polymerized with a polymerization lamp (Satelec MiniLED, KaVo Dental, Biberach, Germany), using 1,600 mW/cm 2 from the occlusal, mesial, distal, buccal, and lingual aspects for 60 s each. The radiant exposure was ensured by prior calibration of the light curing device.
Fatigue testing and fractural loading
The adhesively seated restorations were embedded with methacrylate (Paladur, Heraeus Kulzer, Hanau, Germany) in special test blocks. Centric fixation of all restorations was ensured. Specimens were stored (n) representing total quantity of specimens having survived fatigue loading and having been forwarded to fractural loading.
in distilled water at 37 degrees in a heating cabinet. Fatigue loading was performed using a special mastication simulator 15) . Thermomechanical loading was performed (1.2 million cycles, 1.7 Hz, invariable occlusal load 49±0.7 N, thermal cycling 5-55 degrees, dwell time 120 s, 12,000 cycles, water change time 10 s) 15) . Load was exerted exactly to the central fissure by the antagonistic cusp of a natural molar. After fatigue testing, specimens were examined under a stereomicroscope at 14× magnification with transmitted light (Wild Leitz/M1B, Walter Products, Windsor, ON, Canada). If modes of failure, such as cracks, were visible, specimens were eliminated. For those specimens survived fatigue testing, fractural loading in a universal testing machine (Allround Line z010, Zwick, Ulm, Germany) was performed (crosshead speed 1 mm/min, ball diameter 5 mm). The maximum load at failure was registered. Statistical analysis was done using SPSS 22 (IBM, Armonk, NY, USA) and one-way ANOVA with following post-hoc Scheffé test was performed. The significance level was set to p=0.05. Homogenous subset groups for groups with no statistical significant difference were calculated.
RESULTS
Results for survival after fatigue testing and fractural loading are shown in Table 2 . For material thickness 0.5 mm, one lithium disilicate (e.max CAD; group B), one ZLS ceramic fired (Celtra Duo; group D) and three ZLS ceramic crystallized (VITA Suprinity; group E) CAD/CAM crowns survived fatigue testing. All other restorations did not survive fatigue testing, due to fracture and were not included in fractural load testing. For material thickness 1.0 mm, one feldspathic (VITA Mark II; group A), seven ZLS ceramic milled (Celtra Duo; group C), eight ZLS ceramic fired (Celtra Duo, group D) and two ZLS ceramic crystallized (VITA Suprinity; group F) CAD/CAM restoration did not survive fatigue testing. All restorations with minimum thickness 1.5 mm survived fatigue testing. Table 3 .
DISCUSSION
In this study, the fracture behavior of CAD/CAM fabricated silicate ceramic CAD/CAM crowns was investigated as a function of material thickness. Molar crowns with minimum thicknesses of 0.5, 1.0 and 1.5 mm were fabricated for each type of material using a CAD/CAM system. Assuming a maximum chewing force of 600-800 N, all silicate ceramic CAD/ CAM materials with a thickness of 1.5 mm may be appropriate for clinical use. For material thicknesses of 0.5, 1.0 and 1.5 mm, there are significant differences depending on the respective CAD/CAM material. Standard deviations for the fractural load was relatively high among all groups tested. Several aspects of this study need to be discussed. The material characteristics of the dies may influence the maximum fractural loading forces of the restorations. In this study, dies with an E-Modulus of 2.5 GPa were fabricated with SLA technology. Compared to the E-Modulus of human dentine, reported to be between 7 and 13 GPa, these values are very low 16) . There is one study in literature showing the fracture resistance of all-ceramic crowns depending on the E-Modulus of the underlying supporting structure 17) . The fracture load significantly increased with an increase of the elastic modulus 17) . In this study, dies with relatively low E-Modulus were selected, thus representing a worst-case scenario for the CAD/CAM material tested. If CAD/CAM restorations tested in this study would have been adhesively luted to human dentine dies, results for fractural loading might have been higher. It might be interesting to see, how results for fractural loading would change, if the E-Modulus of the dies would be altered.
The cement used for adhesive luting of restorations may be another relevant component of the supporting structure. There are several studies reporting about the influence of the material thickness of luting composite resins [18] [19] [20] . There are studies reporting that the higher the cement's E-Modulus, the lower the distribution of the tension within the restoration will be 21) . In addition, the E-Modulus is reported to be more decisive than the cement layer thickness 6) . In this study, spacer parameter was set to 80 µm, which is in good accordance with recommendations reported in literature 21) . The adhesive resin cement Variolink II used in this study has an E-Modulus of 8.3 GPa, which is relatively high.
In this study, fatigue testing with a special masticator simulator was performed prior to fractural loading 15) . The protocol for this study was a thermomechanical loading with 1.2 million cycles and an invariable occlusal load of 49±0.7 N. For the interpretation of the results found in this study, fatigue testing has to be considered. There are several studies reporting that fatigue loading weakens the ceramic structure 22, 23) . The values found for fractural loading in this study thus may be lower than those found in studies without fatigue loading.
There are several factors influencing the fracture resistance of ceramic restorations 5, [8] [9] [10] . The fracture resistance of all-ceramic restorations can be increased by an ideal combination of these factors. The E-Modulus of the restorations in relation to the supporting material may be highly decisive. In this study, maximum loading force for 1.5 mm hybrid ceramic restorations (VITA Enamic; group F) was 1,063.6 N. The E-Modulus of VITA Enamic is reported to be 30 GPa 3) . The maximum loading force for 1.5 mm feldspathic restorations (VITA 3) . There may be the conclusion that the less mismatch there is between the restoration and the supporting material E-Modulus, the higher the fractural load will be. However, these findings are not valid for materials with a very high E-Modulus such as lithium disilicate. The E-Modulus for e.max CAD is 90 GPa and the maximum loading force for 1.5 mm restorations was 1,240.8 N. If the restoration material's E-Modulus is very high, there seems to be less influence of the supporting structure and a more predominant impact of the intrinsic stiffness of the materials. It may be interesting to investigate new CAD/CAM materials such as particle filled composite resins that might have higher fractural loading forces than the ceramics used in this study. The findings of this study are in good accordance with studies recently described comparing high E-Modulus ProCAD and low E-Modulus Paradigm MZ 100 restorations 24) . One of the drawbacks of this study might be that only one parameter, minimum thickness, was evaluated. It may be interesting to evaluate the potential influence of more parameters on the fractural strength than only the minimum thickness. New test methods such as finite element analysis (FEA) methods might be additionally needed besides fatigue and fractural loading tests to elucidate the specific role of the system supporting material, cementum and restoration material and even occlusion in future. Another shortcoming of this study may be the sample size of n=8 for each group.
CONCLUSION
Assuming a maximum chewing force of 600-800 N, all silicate ceramic CAD/CAM materials with a thickness of 1.5 mm may be appropriate for clinical use. For material thicknesses of 0.5, 1.0 and 1.5 mm, there are statistically significant differences for the maximum fractural load depending on the respective CAD/CAM material.
